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Related Applications 

[0001] This patent application claims priority to provisional patent application Serial 
No. 60/304,496, filed on July 1 1, 2001, the entire disclosure of which is incorporated 
herein by reference. 

Field of the Invention 

[0002] The present invention relates generally to optical modulators and to modulated 
lasers. In particular, the present invention relates to methods and apparatus for 
modulating light with an electro-absorption modulator. 

Background of the Invention 

[0003] Electro-absorption modulators (EAMs) and electro-absorption modulated lasers 
(EMLs) are useful for transmitting information in telecommunications or data 
communication systems. EMLs have several advantages over other modulation sources. 
For example, EMLs can directly generate communication signals with relatively low bit- 
error rates without the use of extemal filters, which are undesirable because they are 
relatively large and expensive. Extemal filters also occupy valuable space on the 
transmitter electronics board. In addition, EMLs directly generate transmission 
characteristics that have a relatively "clean" eye pattem when viewed on a 
communication signal analyzer. Such an eye pattem indicates acceptable discrimination 
between a digital "1" and digital "0" and, therefore, a relatively error-free (i.e. a bit error 
rate of less than 10"^) information transmission. 

[0004] Another advantage of EMLs is that they can generate a stable and high-power 
modulated Ught beam. Yet another advantage of EMLs is that they can generate optical 
signals that are modulated at relatively high data rates. In addition, an EML is 
convenient to use because it is relatively easy to mount an EML in a package with an 



industry standard input impedance, which can be impedance matched to numerous 
conmiercially available drive voltage sources. EMLs are also relatively inexpensive. 

[0005] A disadvantage of common, currently available EMLs, however, is that they 
require external thermal controllers for many practical applications. For example, EMLs 

5 require extemal thermal controllers, such as thermoelectric coolers (TECs), to maintain 
the EMLs at a substantially constant operating temperature so that data transmission can 
occur relatively error-free even as ambient temperatures vary over a relatively large 
range, e.g., over the entire Synchronous Optical Network (SONET) standardized 
operating temperature range. In general, extemal thermoelectric coolers are undesirable 

10 because they are power-intensive, relatively large and relatively expensive devices. 

Summary of the Invention 

[0006] The present invention relates to electro-absorption modulators (EAMs) and 
electro-absorption modulated lasers (EMLs) with high operating temperature tolerance. 
An EAM and EML according to the present invention can operate without extemal 
thermal controllers, such as TECs, and thus can require less power and less space than 
known EAMs and EMLs. However, the methods and apparatus of the present invention 
can be practiced with or without extemal temperature control. 

[0007] Accordingly, the present invention features an EAM that includes a 
semiconductor layer having an electrically controllable light absorption. In one 
embodiment, the semiconductor layer is a multi-quantum well layer. In another 
embodiment, the semiconductor layer is a bulk semiconductor layer. The material 
composition of the semiconductor layer is chosen so that the semiconductor layer is 
substantially transparent to light propagating though the semiconductor layer when a 
substantially zero or a reverse bias voltage is applied across the semiconductor layer at 
operating temperatures of the electro-absorption modulator that are substantially greater 
than 25 degrees Celsius. The material composition of the semiconductor layer may be 
chosen to modulate light that is substantially 1310nm or that is substantially 1550nm, 

[0008] In another embodiment, the material composition is chosen so that the 
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semiconductor layer is substantially transparent to light propagating though the 
semiconductor layer when a substantially zero or a reverse bias voltage is applied across 
the semiconductor layer at operating temperatures of the electro-absorption modulator 
that are substantially greater than 35 degrees Celsius. In another embodiment, the 
5 material composition is chosen so that the semiconductor layer is substantially 

transparent to Ught propagating though the semiconductor layer when a substantially zero 
or a reverse bias voltage is appUed across the semiconductor layer at operating 
temperatures of the electro-absorption modulator that are substantially greater than 45 
degrees Celsius. 

[0009] In yet another embodiment, the material composition is chosen so that the 
semiconductor layer is substantially transparent to light propagating though the 
semiconductor layer when a substantially zero or a reverse bias voltage is appUed across 
the semiconductor layer at the maximum operating temperature of the electro-absorption 
modulator. 

[0010] An electronic data modulator may be electrically coupled to the electro- 
absorption modulator. An output of the electronic data modulator is electrically coupled 
to a modulation input of the electro-absorption modulator. The electronic data modulator 
generates an electrical modulation signal having a peak-to-pealc voltage amplitude that 
changes the absorption edge of the semiconductor layer, thereby changing the light 
transmission characteristics of ftie electro-absorption modulator. 

[0011] The modulation signal turns the EAM from optically transparent to optically 
opaque with an applied reverse bias voltage. The amplitude of the desired peak-to-peak 
voltage of the modulation signal (approximately 1 to 2.5 volts) changes with temperature 
as the EAM absorption changes as a function of temperature. The amphtude of the peak- 
to-peak voltage of the modulation signal depends on the desired light extinction 
characteristics. For example, to achieve an extinction ratio of about 13dB, a peak-to-peak 
amplitude of between 1 to 2.5 volts at room temperature is required for some known 
materials. 

[0012] In one embodiment, a temperature-driven controller is used. A temperature 
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sensor is positioned in thermal communication with the semiconductor layer of the 
electro-absorption modulator or an active layer of a semiconductor laser that generates 
the hght that propagates through the semiconductor layer of the EAM. The temperature- 
driven controller has an input that is electrically coupled to the thermal sensor and an 
5 output that is electrically coupled to a DC bias control input of the electronic data 
modulator. 

[0013] The temperature-driven controller generates a signal that changes the DC bias of 
the electrical modulation signal generated by the electronic data modulator. The 
temperature-driven controller may include a processor that includes a look-up table that is 
used to determine various parameters, such as the desired DC bias voltage across the 
semiconductor layer for a particular temperature. 

[0014] The present invention also features an electro-absorption modulated laser 
(EML) that includes a laser that generates Ught at an output. Li one embodiment, the 
laser is a distributed feedback semiconductor laser. Li one embodiment, a thermoelectric 
cooler is positioned in thermal communication with the laser. The thermoelectric cooler 
may be used to change a wavelength of the light generated by the laser, hi one 
embodiment, the wavelength of the hght generated by the laser is substantially 1310 nm 
or is substantially 1550 nm. 

[0015] The electro-absorption modulated laser also mcludes an electro-absorption 
modulator that modulates the hght generated by the laser. The laser and the electro- 
absorption modulator may be integrated onto a single substrate or may be physically 
separate devices. 

[0016] The electro-absorption modulator includes a semiconductor layer having an 
electrically controllable absorption. The semiconductor layer may be a multi-quantum 
25 well layer or a bulk semiconductor layer. The material composition of the semiconductor 
layer is chosen so that the semiconductor layer is substantially transparent to light 
propagating though the semiconductor layer when a substantially zero or a reverse bias 
voltage is apphed across the semiconductor layer at operating temperatures of the electro- 
absorption modulator that are substantially greater than 25 degrees Celsius. The material 
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composition of the semiconductor layer may be chosen to modulate light that is 
substantially 1310 nm or that is substantially 1550 nm. 



[0017] In one embodiment, the material composition of the electro-absorption 
modulator is chosen so that the semiconductor layer is substantially transparent to light 
5 propagating though the semiconductor layer when a substantially zero or a reverse bias 
voltage is appUed across the semiconductor layer at the maximum operating temperature 
of the electro-absorption modulator, 

[0018] The present invention also features a transmitter for an optical communication 
system or a transponder that includes a transmitter, hi one embodiment, the transmitter 
10 generates optical signals having a wavelength that is substantially 1 3 1 0 nm or 

substantially 1550 nm. In another embodiment, the transmitter generates optical signals 
at any desired communication wavelength for transmission via optical fiber or through 
the atmosphere. 

[0019] The transmitter includes a laser that generates light at an output. The 
15 transmitter also includes an electro-absorption modulator with a semiconductor layer 
having an electrically controllable absorption. The material composition of the 
semiconductor layer is chosen so that the semiconductor layer is substantially transparent 
to light propagating though the semiconductor layer when a substantially zero or a 
reverse bias voltage is applied across the semiconductor layer at operating temperatures 
20 of the electro-absorption modulator that are substantially greater than 25 degrees Celsius. 

[0020] An electronic data modulator modulates the light generated by the laser. The 
electronic data modulator has aa output that is electrically coupled to a modulation input 
of the electro-absorption modulator. The electronic data modulator generates an 
electrical modulation signal having a peak-to-peak voltage amplitude that changes the 
25 absorption edge of the semiconductor layer, thereby changing the light transmission 
characteristics of the electro-absorption modulator. 

[0021] A temperature sensor is positioned in thermal communication with at least one 
of the semiconductor laser and the semiconductor layer of the electro-absorption 
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modulator. The transmitter includes a temperature-driven controller that has an input that 
is electrically coupled to the thermal sensor and an output that is electrically coupled to a 
DC bias control input of the electronic data modulator. 

[0022] The temperature-driven controller generates a signal that changes the DC bias of 
5 the electrical modulation signal generated by the electronic data modulator. The 

temperature-driven controller may include a processor that includes a look-up table that is 
used to determine various parameters, such as the desired DC bias voltage across the 
semiconductor layer for a particular temperature. 

[0023] The present invention also features a method of generating data modulated hght. 
The method includes generating hght and then propagating the light through a 
semiconductor layer having an electrically controllable absorption. The semiconductor 
layer has a material composition that is chosen so that the semiconductor layer is 
substantially transparent to light propagating though the semiconductor layer when a 
substantially zero or a reverse bias voltage is apphed across the semiconductor layer at 
operating temperatures of the electro-absorption modulator that are substantially greater 
than 25 degrees Celsius. 

[00241 The method also includes elevating the temperature of the semiconductor layer 
above 25 degrees Celsius. A DC reverse bias voltage is applied across the semiconductor 
layer. A modulation signal having a voltage is applied across the semiconductor layer. 
The modulation signal changes an absorption edge of the semiconductor layer, thereby 
modulating the hght. 

[0025] In one embodiment, the temperature of the semiconductor layer or a laser that 
generates the hght is measured, and the DC bias voltage appUed across the semiconductor 
layer is changed in response to the measured temperature, hi another embodiment, the 
25 temperature of the semiconductor layer or a laser that generates the light is measured, and 
the bias current drivmg a laser that generates the hght is changed in response to the 
measured temperature. 

[0026] The present invention also features a method of tracking a temperature of an 
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electro-absorption modulator to a temperature of a semiconductor laser. The method 
includes generating light with a semiconductor laser. The light is propagated through an 
electro-absorption modulator comprising a semiconductor layer having an electrically 
controllable absorption. The semiconductor layer has a material composition that is 
5 chosen so that the semiconductor layer is substantially transparent to hght propagating 
though the semiconductor layer when a substantially zero or a reverse bias voltage is 
appUed across the semiconductor layer at operating temperatures of the electro- 
absorption modulator that are substantially greater than 25 degrees Celsius. 

[0027] A modulation signal having a peak-to-peak voltage amplitude of, for example, 
10 1.0 to 2.5 volts, is applied across the semiconductor layer. The modulation signal 
changes the absorption edge of the semiconductor layer, thereby changing the light 
transmission characteristics of the electro-absorption modulator and modulating the Ught 
generated by the laser. The temperature of the laser that generates the light is measured 
and the peak-to-peak voltage ampUtude of the electrical modulation signal is changed in 
15 response to the measured temperature so that a desired extinction ratio of the transmitted 
light is attained. By extinction ratio we mean: 

-10 log ^ 

where lout is the intensity through the EAM and lin is the incident EAM intensity. 
Brief Description of the Drawings 

20 [0028] This invention is described with particularity in the below description. The 
above and further advantages of this invention may be better understood by referring to 
the following description in conjunction with the accompanying drawings, in which like 
nimierals indicate like structural elements and features in various figures. The drawings 
are not necessarily to scale, emphasis instead being placed upon illustrating the principles 

25 of the invention. 

[0029] Fig. 1 illustrates a typical prior art electro-absorption modulated laser. 
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[0030] Fig. 2 illustrates a normalized light transmission response for a particular 
operating wavelength of light as a function of applied voltage for a prior art EAM section 
of an EML that is optimized to operate at room temperature. 

[0031] Fig. 3 illustrates a theoretical family of normaUzed transmission responses as a 
5 function of applied voltage for a prior art electro-absorption modulator at five different 
temperatures. 

[0032] Fig. 4A is a diagram of one embodiment of a semiconductor layer material 
structure before etching and regrowth of a typical distributed feedback laser diode section 
of an EML according to the present invention. 

10 [0033] Fig. 4B illustrates a diagram of one embodiment of a semiconductor layer 
material structure 100 after etching and regrowth of a distributed feedback (DFB) laser 
diode section of an EML according to the present invention. 

[0034] Fig. 5 illustrates a functional block diagram of an electro-absorption modulated 
laser and control circuit according to the present invention. 

15 [0035] Fig. 6 illustrates a functional block diagram of one embodiment of a control 
circuit of an electro-absorption modulated laser according to the present invention. 

[0036] Fig. 7 illustrates a family of theoretical normalized transmission responses as a 
function of applied voltage at various operating temperatures for one embodiment of an 
electro-absorption modulator according to the present invention. 

20 [0037] Fig. 8 illustrates experimental data for output power as a function of bias 

voltage at various operating temperatures for one embodiment of an electro-absorption 
modulated laser according to the present invention. 

Detailed Description 

[0038] Fig. 1 illxistrates a prior art electro-absorption modxilated laser (EML) 10. The 
25 EML 10 includes a laser diode 12 section and an electro-absorption modulator (EAM) 14 
section. The laser diode 12 section is typically a distributed feedback (DFB) laser. The 
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EAM 14 is typically a device that includes a semiconductor layer, such as a multi- 
quantum well semiconductor layer. The semiconductor layer typically has a slightly 
larger bandgap than the photon energy of the Ught being modulated. The laser diode 12 
section is optically coupled to the EAM 14 section. The laser diode 12 section and EAM 
section 14 are typically integrated onto a single substrate, but can be physically separate 
devices. 

[0039] An electronic laser drive circuit 16 is electrically coupled to a bias input 18 of 
the laser diode 12. The electronic laser drive circuit 16 generates a conthiuous wave 
(CW) current that drives the laser diode 12, thereby causing the laser diode 12 to emit 
substantially monochromatic Ught of a predetermined wavelength. An electronic data 
modulation circuit 20 is electrically coupled to a modulation input 22 of the EAM 14. 

[0040] The electronic data modulator circuit 20 generates a voltage across the multi- 
quantum well semiconductor layer that produces a reverse bias electric field across the 
semiconductor layer. The reverse bias electric field causes the absorption edge of the 
semiconductor layer to reversibly move to a longer wavelength (i.e., the reverse bias field 
lowers the absorption edge). The shift in the absorption edge causes the semiconductor 
layer to absorb the Ught generated by the laser diode 12 section that propagates through 
the semiconductor layer. 

[0041] Reducing the voltage across the multi-quantum well semiconductor layer results 
in the elimination or reduction of the reverse bias electric field, which in turn causes the 
semiconductor layer to allow Ught generated by the laser diode 12 to transmit through the 
semiconductor layer. Therefore, Ught emitted firom the laser diode 12 that propagates to 
the EAM 14 can be modulated by modulating the voltage across the multi-quantum weU 
semiconductor layer between a sufficient reverse bias voltage across the semiconductor 
layer that causes the layer to be substantially opaque to the Ught emitted from the laser 
diode 12, and substantially zero or a sufficiently positive bias voltage that causes the 
layer to be substantially transparent to the light emitted from the laser diode 12. 

[0042] The resulting modulated light is emitted at an optical output 24 of the EML 1 0. 
The optical output 24 can be directly coupled to an optical trmsport medium (not shown), 



such as an optical fiber, or can be coupled to an optical transport medium through a lens 
transport system. The wavelength of the modulated light can be controlled by adjusting 
the amplitude of the CW current generated by the electronic laser drive circuit 16 and 
apphed to the laser diode 12. The wavelength of the modulated light can also be 
5 controlled by adjusting the temperature of the laser diode 12. 

[0043] Common prior art EML 10 devices include a thermoelectric cooler (TEC) 26 
that controls the temperature of the laser diode 12 and EAM 14. The temperature of the 
EML 10 can be stabilized by using a thermal sensor 28 and a feedback circuit 30. The 
thermal sensor 28 is thermally coupled to the laser diode 12 and is electrically coupled to 
10 a feedback circuit 30 at an input 32. The feedback circuit 30 is electrically coupled to the 
TEC 26 at an input 34. The feedback circuit 30 receives a signal from the thermal sensor 
a.. 28 at the input 32 that is related to the measured temperature of the laser diode 12 and 
S5 generates a signal at an output 36 in response to the measured temperature. The signal 
^3 generated by the feedback circuit 30 controls the thermal properties of the TEC 26 to 
15 maintain the laser diode 12 at a predetermined operating temperature (and thus the major 
portion of spectral energy of the emitted light at the desired wavelength) independent of 

ambient temperature. 

U 

W [0044] Fig. 2 illustrates a normalized light transmission response 50 at a particular 
4i wavelength of light for an EML as a fonction of applied voltage for a prior art EAM 
20 section of an EML optimized to operate at room temperature. By room temperature, we 
mean an ambient room temperature that is approximately 25^C. The applied voltage is a 
reverse bias voltage that generates a reverse bias electric field across the semiconductor 
layer of the EAM. The reverse bias electric field causes the absorption edge of the 
semiconductor material to shift to a longer wavelength (i.e., a lower absorption edge). 
25 The shift in the absorption edge causes the semiconductor layer to absorb at least a 

portion of the hght transmitted from the laser diode. Removal or cancellation of all or a 
substantial part of the reverse bias voltage results in the absorption edge shifting back to a 
shorter wavelength. 

[0045] The normalized light transmission response 50 is for an EAM semiconductor 
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structure that is designed to be substantially transparent to the light emitted by the laser 
diode with an EAM at substantially zero bias (i.e., no applied bias voltage across the 
semiconductor layer of the EAM). When a reverse bias is applied across the 
semiconductor layer, the absorption edge of the EAM semiconductor layer is shifted to a 
longer wavelength and, consequently, the EAM begins to absorb a portion of the Ught 
transmitted from the laser diode. Fig. 2 illustrates that, when the reverse bias is 
approximately 2 volts in magnitude, the EAM semiconductor layer absorbs substantially 
all of the Ught and essentially no Ught is transmitted from the EML. 

[0046] Fig. 3 illustrates a theoretical family of normalized transmission responses 60 as 
a ftinction of applied voltage for a prior art electro-absorption modulator. The 
normalized transmission responses 60 are illustrated for five temperatures ranging from 
-lO^'C to +45''C. This temperature range represents a portion of the 0 - 65 °C case 
temperature range specification found in the Multi-Source Agreement (MSA) Reference 
Document for 300 pin 10 Gb Transponder. The theoretical family of normaUzed 
transmission responses 60 indicates that in order to achieve a particular normalized 
transmission level, the magnitude of the required reverse bias voltage across the 
semiconductor layer decreases as the ambient temperature increases. 

[0047] At elevated temperatures (approximately 35''C and above), the theoretical 
family of normalized transmission responses 60 indicates that prior art EAMs, which are 
optimized to operate at room temperature (approximately 25''C), would require a positive 
voltage to cause the EAM to absorb light. However, generally semiconductor EAMs 
cannot reUably operate with positive voltages (substantially greater than 0.5 volts). 
Semiconductor EAMs typically require a reverse bias voltage across the semiconductor 
layer to move the absorption edge to a longer wavelength thus causing the EAM to 
absorb the light emitted from the laser diode. Therefore, the theoretical family of 
normaUzed transmission responses 60 indicates that prior art EAMs do not fimction 
suitably (i.e. absorb light) at temperatures substantially greater than room temperature. 

[0048] Apphcants have discovered that an EAM can be constructed to achieve a wide 
operating temperature range by designing the semiconductor layer of the EAM so that a 



substantially zero (meaning zero or slightly positive voltage, for instance, +0.5 volts) or 
reverse bias voltage applied across the semiconductor layer causes substantially all light 
propagating from the laser diode to transmit through the EAM at relatively high operating 
temperatures or at the maximum operating temperature of the EAM. This is achieved, in 
5 one embodiment, by engineering the semiconductor layer to be substantially transparent 
to Ught propagating through the semiconductor layer when a substantially zero or reverse 
bias voltage is applied across the semiconductor layer at a relatively high operating 
temperature, for example, 70''C for MSA applications, or a higher temperature for special 
application, 

10 [0049] Such an EAM is desirable because it can be operated without extemal cooling 
for many applications. Thus, such an EML or separate laser and EAM would be 
relatively inexpensive, would consume less power and would require less space 
compared with known EMLs and separate EAMs. However, although not required, an 
EAM according to the present invention can be used with extemal cooling if desired. 

15 [00501 Fig. 4A is a diagram of a semiconductor layer material structure 100 before 
etching and regrowth of a distributed feedback (DFB) laser diode section of an EML 
according to the present invention. The semiconductor layer material structure 100 
comprises a multi-quantum well structure. Multiple quantum well structures are often 
used in semiconductor laser diode regions because they provide high gain and, 

20 consequently, low threshold current and high emission power. In one embodiment, the 
quantum well thickness and composition is chosen so that the peak of the gain is at or 
close to the desired operating wavelength and the periodicity of the underlying structure 
is chosen so that the laser emission is at the desired wavelength. 

[0051] In one embodiment, the semiconductor layer material structure 100 is a strained 
25 layer (SL) multiple quantum well structure. The strained layer has a biaxial strain that 
causes a splitting of the valence sub-bands. Specifically, the axial component of a 
hydrostatic strain causes the heavy hole (hh) and the Ught hole (Ih) states to split near the 
k == 0 point for both tensile-strained (TS) and compressively-strained (CS) multiple 
quantum wells. The strained layer reduces the effective mass of the top-most valence 
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sub-band. 



[0052] Strained multiple quantum well layers have numerous advantages over 
unstrained multiple quantum well layers. For example, the use of strained multiple 
quantum well layers results in better carrier confinement, which reduces the threshold 

5 current of the laser. Strained multiple quantum well layers also result in a relatively high 
differential gain compared with unstrained multiple quantum well layers. In addition, 
strained multiple quantum well layers have relatively low Auger recombination, which 
improves efficiency. Furthermore, the strain multiple quantum well layers have a smaller 
fill-in-factor that can result in a higher saturation optical power level in the optical cavity. 

10 The higher saturation optical power level optimizes the laser for moderate to high power 
operation, which is desirable for some telecommunication applications. 

[00531 Commercial EMLs are typically optimized for use in optical fiber 
communication systems, such as wavelength division multiplexed (WDM) optical 
communication systems. The performance of these EMLs can be significantly affected 
15 by feedback from the EAM section of the EML to the laser diode section of the EML. 
This feedback can cause a chirp in the lasing wavelength. The feedback may be optical, 
electrical or a combination of optical and electrical feedback. 

[0054] In one embodiment of the invention, the optical isolation between the laser 
diode section and the EAM section of the EML is sufficiently high to minimize the 

20 feedback firom the emitting facet of the EAM section to the laser diode section of the 
EML. For example, the optical isolation between the laser diode section and the EAM 
section of the EML may be greater than 30 dB. In one embodiment, a grating isolation 
section is used to improve the optical isolation. In another embodiment, an attenuation 
section is used to improve the optical isolation. The grating isolation and attenuation 

25 sections generally add optical loss that reduces the optical power emitted firom the EML. 
In one embodiment, the grating isolation section and attenuation section are designed to 
minimize the loss. 



[0055] In one embodiment, the DFB laser is designed to emit relatively narrow 
emission spectra compared with Fabry-Perot cavity lasers. Narrower emission spectra 
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can be achieved by choosing the appropriate parameters for the DFB grating, hi one 
embodiment, the grating is positioned at an aagle relative to the optical waveguide in 
order to improve stabihty of the emission wavelength. Such a structure can result in high 
power lasers having relatively narrow linewidths. 

5 [0056] In one embodiment, the semiconductor layer material structure 100 is grown 
using multi-step metal-organic chemical vapor deposition (MOCVD) growth. However, 
other known methods of crystal growth can be used to grow the material structure 1 00. 
In one embodiment, the semiconductor layer material structure 100 is grown on an 
indium phosphide (InP) substrate 102. The DFB grating can be fabricated on the 

10 substrate 102 before the initial growth or can be fabricated on the top surface after the 
first re-growth. 

[0057] Specifically, Fig. 4A illustrates a material structure 100 that includes an n-doped 
InP 103 cladding layer that is grown on the InP substrate 102. The material structure 100 
also includes a lower waveguiding layer 104 that, in one embodiment, has a 1.1 |am 
15 bandgap n-doped Ini.xGaxAsyPi.y (x=0. 14, y=0.33) quaternary layer that is lattice 

matched to the InP substrate 102, In one embodiment, the lower waveguiding layer 104 
is an n-doped InGaAsP layer 1 04 that has a bandgap of 1 . 1 0 |Lim. 

[0058] In addition, the material structure 100 includes an active layer 106 comprising 
compressive strained multiple quantum well (CSMQWs) layers. For example, a strained 
20 Ini-xGaxASyPi-y (x=0. 14, y=0.52) layer, which has a material bandgap of 1 .42 jxm, may be 
used as the quantum well. For example, 7.5nm-thick strained quantum wells provide 
stable light output versus current characteristics at elevated temperature substantially 
greater than 35 ""C, at a wavelength of 1.31 ^m. 

[0059] The material structure 100 also includes an upper waveguiding layer 108 that, in 
25 one embodiment, is a Lljim bandgap p-doped Ini.xGaxAsyPi.y (x=0.14, y=0.33) 

quatemary layer that is lattice matched to the InP substrate 102. In one embodiment, the 
upper waveguiding layer 108 has substantially the same bandgap as the lower 
waveguiding layer 104. The material structure 100 also includes a p-doped InP 109 
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cladding layer. 



[0060] Fig. 4b illustrates a diagrmi of one embodiment of a semiconductor layer 
material structure 100 after etching and regrowth of a distributed feedback (DFB) laser 
diode section of an EML according to the present invention. A narrow mesa is etched 

5 using etching techniques that are well known in the art. The material structure 100 is 
then prepared for LP-MOCVD regrowth. The first regrowth layers include current 
confinement layers that are grown on both sides of the mesa. The current confinement 
layers 1 10, 1 12, 1 14 provide lateral current confinement so that the majority of the 
injected current flows through the multiple quantum well layers 106 (Fig. 4A). In one 

10 embodiment, the current confinement layers include n-doped MP 1 10/p-doped InGaAsP 
1 12 /n-doped InP 1 14 layers. 



[0061] The fnst regrowth layers also include an LiGaAsP layer 1 12 that is grown on 
|l top ofthe current confinement layer 110. In one embodiment, the LiGaAsP layer 112 has 
lit a bandgap wavelength that is approximately 1.2 [am. The InGaAsP layer 1 12 provides a 
ll 15 lateral optical index profile that is suitable for stable single mode operation. 

[0062] Asecondregrowthisthenperformed, asshowninFig. 4b, In one embodiment, 
the second regrowth layers include a p-doped InP layer 1 16 and a p-InGaAs layer 118, 
The second regrowth layers planarize the semiconductor material structure 120 after the 
first regrowth. Also, the second regrowth layers provide a broad area for a low resistance 
20 electrical contact. In addition, the second regrowth layers provide a good thermal 
contact. 

[0063] In one embodiment, the quaternary layers 104 (Fig. 4A), 108 (Fig. 4A), and 1 12 
(Fig. 4B) are grown by low-pressure metal organic vapor phase deposition (LP- 
MOCVD). Interdifftision across the interface during MOCVD growth is significantly 
25 reduced because the quantum wells and the barrier layers in the active layer 106 (Fig. 4A) 
contain the same elements. Interdifftision is ftirther reduced when these layers are grown 
at relatively low temperatures (for example, approximately 550-600°C). In one 
embodiment, a change of composition is achieved by adjusting the flow rate ofthe 
gaseous Group V compounds. 
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[0064] In one embodiment, the material structure of the EAM section of EML is 
similar to the material structure 100 described in connection with Figs. 4A and 4B. 
However, the multi-quantum well structure of the EAM section is designed so that the 
bandgap energy of the material corresponds to a wavelength that is shorter than the lasing 
wavelength of the DFB laser. The absorption in the multi-quantum well region is 
primarily due to excitonic effects, which results in a relatively sharp absorption edge 
compared with bulk semiconductor layers. As a result, larger field effects occur over a 
narrow wavelength range, which increases the temperature sensitivity of the EAM with 
wavelength compared with bulk semiconductor layers. 

[0065] In one embodiment, the semiconductor layer material structure of an EAM 
according to the present invention has a tensile strain in the multi-quantum well region 
that reduces the temperature sensitivity with wavelength. The tensile strain causes 
splitting of the valence sub-bands and a reduction of the heavy hole mass. For example, 
in one embodiment, the EAM is designed to operate at substantially 13 lOnm and the 
semiconductor layers of the EAM uiclude 0.4 % tensile-strained quantum wells with a 
zero-electric-field absorption edge at approximately 1.26|am. The active region is 
cladded by two InGaAsP layers to form a relatively large optical cavity waveguide. In 
one embodiment, the semiconductor layer of the EAM of the present invention is also 
designed to have a relatively low voltage sensitivity with respect to wavelength. 

[0066] Numerous other semiconductor layer material structures can be used with an 
EAM and EML according to the present invention. Furthermore, numerous other types 
of semiconductor laser diode regions can be used with the EML of the present 
apphcation. In fact, any type of laser emitting light at the desired wavelength can be used 
with the EML and EAM of the present invention. 

[0067] The present invention also features an electronic control circmt that 
compensates for the inherent temperature drift in performance of an EAM or EML over a 
wide temperature range. The control circuit changes at least one of the EAM DC bias 
voltage, the peak-to-peak voltage amplitude of the modulation signal, and the laser bias 
current as functions of operating temperature to allow the EML or separate laser and 
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EAM to operate over a wide operating temperature range. 

[00681 Fig- 5 illustrates a functional block diagram of an electro-absorption modulated 
laser (EML) 200 and control circuit 202 according to one aspect of the present invention. 
The EML 200 includes a laser diode 204 section and an electro-absorption modulator 
(EAM) 206 section. In one embodiment, the laser diode 204 is a distributed feedback 
(DFB) laser and the EAM 206 comprises a multi-quantum well device that includes the 
material structure described in connection with Figs. 4A and 4B. hi one embodiment, the 
laser diode 204 and EAM 206 are integrated onto a single substrate. In other 
embodiments, the laser diode 204 and EAM 206 are physically separate devices. 

[0069] In one embodiment, the EML 200 can include a thermoelectric cooler 205 that 
is in thermal communication with the laser diode 204. When employed, the 
thermoelectric cooler 205 can be used to control the temperature of the laser diode 204 in 
order to change the wavelength of the Ught generated by the laser diode 204. For 
example, a temperature rise of lOT (from, for example, room temperature) in a typical 
DFB laser diode can cause the wavelength of the emission to increase by approximately 
Inm. 

[0070] The control circuit 202 includes an electronic laser drive circuit 202', or bias 
control circuit, that is electrically coupled to a bias input 208 of the laser diode 204. The 
electronic laser drive circuit 202' generates a continuous wave (CW) current that drives 
the laser diode 204 causing it to emit photons. The control circuit 202 also includes an 
amplitude control circuit 202" that is electrically connected to the laser drive circuit 
202'. The amplitude control circuit 202" controls the amplitude of the CW current that 
is generated by laser drive circuit 202' . 

[0071] In one embodiment, a temperature sensor 209 is positioned in thermal 
communication with the laser diode 204. The output of the temperature sensor 209 is 
electrically connected to an input 209' of the amplitude control circuit 202." The 
temperature sensor 209 generates a signal at the output that is related to the temperature 
of the laser 204, The ampUtude control circuit 202" is slaved to the temperature of the 
laser 204. The amplitude control circmt 202' ' receives the signal generated by the 
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temperature sensor 209 at the input 209' and generates a signal that instructs the 
electronic laser drive circuit 202' to change the CW current that drives the laser diode 
204 m response to the measured temperature so as to control the wavelength of the Ught 
emitted by fhe laser diode 204. 

5 [0072] in one embodiment, ttie optical power emitted from the laser diode 204 is 
monitored by an optical power detector 210 that is positioned in optical communication 
with the back facet 212 of the laser diode 204. hi other embodiments, an optical power 
detector (not shown) is in optical communication with the front facet 212' of the laser 
diode 204. The optical power detector 210 generates an electrical signal that is related to 
10 the optical power emitted by the laser diode 204 that propagates into the EAM 206. The 
amplitude confrol circuit 202" has an mput 203 that is electrically connected to the 
output of the optical power detector 210. The amplitude control circuit 202" generates a 
signal that mstracts the laser drive circuit 202' to generate a CW current having a 
predetermined amplitude in response to the optical power emitted from the laser diode 
15 204. 

[0073] An electronic data modulation circuit 2 14 is electrically coupled to a modulation 
input 216 of the EAM 206. hi one embodiment, the electronic data modulation circuit 
214 is capacitively coupled to the modulation input 216 of the EAM 206 by a capacitor 
219. The electronic data modulation circuit 214 generates a modulation signal that 
Jl 20 reverse biases the EAM 206 and causes the EAM 206 to modulate the Ught emitted from 
the laser diode 204 that propagates into the EAM 206 by either fransmittmg the Ught 
through the EAM 206 or by absorbing tiie light within the EAM 206. 

[0074] The control circuit 202 also includes an EAM DC bias voltage control circuit 
202'" that is electrically connected to a control input 217 of the data modulation circuit 
25 214. In one embodiment, a temperature sensor 21 8 is positioned in thermal 

communication with the EAM 206. The temperature sensor 218 generates a signal at an 
output that is related to the temperature of the EAM 206. The EAM DC bias voltage 
control circuit 202"' includes an input 220 that is electrically coupled to the output of the 
temperature sensor 218. Li this embodhnent, the EAM DC bias voltage control circuit 
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202"' is slaved to the temperature of the EAM 206. The EAM DC bias voltage control 
circuit 202'" receives the signal generated by the temperature sensor 218 at the input 220 
and generates a signal that instoucts the data modulation circuit 214 to change the DC 
bias voltage applied to the EAM 206 in response to the measured temperature so as to 
5 control the absorption edge of the EAM 206. 

[0075] The hght modulated by the EAM 206 is emitted at an optical output 222 of the 
EML 200. The optical output 222 may be directly coupled to an optical transport 
medium (not shown), such as an optical fiber, a lens transport system or free space. The 
wavelength of the modulated hght is controlled by adjusting the CW current generated by 
10 the laser drive circuit 202' and appUed to the bias input 208 of the laser diode 204. The 
wavelength of the modulated light can also be controlled by adjusting the temperature of 
the laser diode 204. 

[0076] Fig. 6 illustrates a functional block diagram of one embodiment of a control 
cncuit 250 of an EML 252 according to the present invention. The control circuit 250 

15 includes a laser diode driver circuit 254 and an EAM driver circuit 256. The EAM driver 
circuit 256 includes a thermal sensor 258 that measures the temperature of the laser diode 
260 in the EML 252. The thermal sensor 258 generates a signal having a voltage that is 
proportional to the temperature of the laser diode 260. An ampUfier 262 amplifies the 
signal generated by the thermal sensor 258 to a signal level that can be easily processed. 

20 A processor 264, which can include a look-up table, receives the amplified signal firom 
the amplifier 262 at an input 266. 

[0077] The control ckcuit 250 includes an EAM driver 268 that has an input 270 that is 
electrically connected to an output 272 of tiie processor 264 so that a DC bias voltage, 
Vdc Bias can be apphed to the EAM driver 268. The EAM driver 268 has an output 274 
25 that is electrically connected to the EAM 26 1 . In one embodiment, the processor 264 
uses the look-up table to determine the appropriate DC bias voltage for the EAM 261. 
The processor 264 generates a signal that instructs the EAM driver 268 to generate the 
appropriate DC bias voltage. 

[0078] The laser diode driver circuit 254 includes a set-point voltage circuit 276 and a 
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laser diode driver 278. The set-point voltage circuit 276 can be a voltage comparator. In 
one embodiment, an optical detector 280 is optically coupled to the back or front facet of 
the laser diode 260. The optical detector 280 generates a monitor current (Iph). A circuit 
282 is electrically connected to the output of the optical detector 280 and converts the 
5 monitor current (Iph) to a reference voltage. The output of the circuit 282 is electrically 
connected to one input of the set-point voltage circuit 276. In the embodiment shown, 
the set-pomt voltage circuit 276 is a voltage comparator. The set-point voltage circuit 
276 compares the reference voltage to a set-point voltage appUed to another input of the 
set-point voltage circuit 276 (and in particular, in the embodiment shown, to the non- 
10 inverting input of the comparator) and generates a control signal at an output 284 that is a 
function of a comparison of the two input signals. 

[0079] The laser diode driver 278 is electrically connected to the output 284 of the set- 
point voltage circuit 276. In one embodiment, the laser diode driver 278 includes an op- 
amp (Ul) and a transistor (Ql). The laser diode driver 278 receives the control signal at 
q 15 an input 286 and generates a laser drive current. The set-point voltage can be adjusted to 
adjust the drive current of the laser diode 260 to meet the power output requirements of 
the EML 252. 

[0080] The control circuit 250 can be used to drive the EML 252 so that the EML 252 
generates an optical signal that has a substantially optimal transmitter eye pattern over the 
B 20 entire temperature operating range of approximately 0°C to 70°C for MSA applications, 
or a higher temperature for special appUcations. The control circuit 250 of the present 
mvention can be practiced with many other known configurations. 

[0081] Fig. 7 illustrates a family of normaUzed transmission responses 300 for a 
particular operating wavelength over a range of temperatures as a function of appUed 
25 voltage for one embodiment of an EAM according to the present invention. The EAM 
material structure for this embodiment is designed as described herein to operate with an 
appUed reverse bias voltage through the entire operating temperature range up to the 
maximimi temperature requirement of 70'^C for MSA appHcations, or a higher 
temperature for special application. 
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[0082] The transmission responses 300 of the EAM according to the present invention 
indicate wavelength shifts that are approximately 0.59mn/'C at an operating wavelength 
of approximately 1310nm. The transmission responses 300 also indicate wavelength 
shifts that are approximately 41.3nm over a temperature range of 70°C for MSA 
applications. For example, a DFB laser with a wavelength shift of approximately 
0.08nm/''C, will exhibit a total wavelength shift over of approximately 5.6nm over the 
70^C operating temperature range of approximately 0°C to 70^C. 

[0083] In one embodiment in which an EAM and DFB laser diode are integrated on the 
same substrate and fabricated with the same material structure, both devices will 
experience a positive wavelength shift with temperature. Therefore, the differential shift 
for the integrated EML including both the EAM and the DBF laser will be approximately 
35.7nm (41.3nm-5.6nm) over a 70''C operating temperature range (from approxunately 
O^^C to 70''C). Data also indicates that the EAM can be tuned by 21nm with 2V of reverse 
bias voltage appUed. Therefore, the entire range of the temperature from O^'C to 70T can 
be compensated with an electronic control circuit that provides a range of approximately 
3.4V of reverse bias to the EAM, i.e., approximately OVDC to approximately -3.4VDC. 

[0084] Fig. 8 illustrates experimental data 350 for output power as a fiinction of EAM 
bias voltage and operating temperature for an EML according to the present invention. 
The bias voltage ranges from ~0V to -2V for several operating temperatures. These data 
demonstrate that an EML according to the present invention can operate over a wide 
temperature range without the use of an extemal cooling device. 

[0085] An EML according to the present invention can operate within the MSA 
operating temperature specifications without the use of an extemal cooling element, such 
as a thermoelectric cooler. Such an EML is advantageous because extemal cooling 
increases the power and space requirements, and adds to the cost of the device. 

[0086] Known EMLs using a control circuit according to the present invention have 
achieved performance that meets the SONET signal "eye" requirements over a 47''C 
temperature range of -7''C to 40''C (the lower temperature of -7''C was limited by test 
equipment). An EML with a material structure engineered according to the present 
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invention and using a control circuit according to the present invention can also be used 
to achieve temperature stability performance over 0 °C to 70 for MSA applications, or 
a higher temperature for special apphcation. 

Equivalents 

[0087] While the invention has been particularly shown and described with reference to 
specific preferred embodiments, it should be understood by those skilled in the art that 
various changes in form and detail may be made therein without departing from the spirit 
and scope of the invention as defined herein. For example, an EAM according to the 
present mvention can be used with any type of laser and is not Umited to the use with a 
DFB semiconductor laser diode. 

[0088] What is claimed is: 
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